Sphingomonas sp. strain A4 is capable of utilizing acenaphthene as its sole carbon and energy source. To isolate the genes responsible for acenaphthene degradation, transposon mutagenesis was performed on strain A4 and four mini-Tn5-inserted mutants lacking the ability to utilize acenaphthene were isolated. In three of the four mini-Tn5 inserted mutants, the mini-Tn5s were inserted into the same locus (within about 16 kb) as the arhA1A2 genes, which had previously been identified as the genes encoding the terminal oxygenase components for the initial oxygenation of acenaphthene. The nucleotide sequence analysis of the corresponding 16?4 kb DNA fragment revealed the existence of 16 ORFs and a partial ORF. From these ORFs, the genes encoding the ferredoxin (ArhA3) and ferredoxin reductase (ArhA4) complementary to ArhA1A2 were identified. RT-PCR analysis suggested that a 13?5 kb gene cluster, consisting of 13 ORFs and including all the arhA genes, forms an operon, although it includes several ORFs that are apparently unnecessary for acenaphthene degradation. Furthermore, using gene disruption and quantitative RT-PCR analyses, the LysR-type activator, ArhR, required for expression of the 13?5 kb gene cluster was also identified. Transcription of the gene cluster by ArhR was induced in the presence of acenaphthene (or its metabolite), and a putative binding site (T-N 11 -A motif) for ArhR was found upstream from the transcription start point of arhA3.
INTRODUCTION
The genus Sphingomonas consists of strictly aerobic, chemoheterotrophic, yellow-pigmented, Gram-negative, rod-shaped bacteria that contain glycosphingolipids as cell envelope components and belong to the a-4 subgroup of the Proteobacteria (Takeuchi et al., 2001) . Sphingomonads are ubiquitous in the environment, occurring in soil, water and sediments (White et al., 1996) . They are attracting interest as a result of their high potential for bioremediation. In recent years, many Sphingomonas strains, which have been isolated from a variety of contaminated environments, have been described with respect to their ability to degrade xenobiotics and aromatic compounds, such as biphenyl (Fredrickson et al., 1995) , dibenzo-p-dioxin (Wittich et al., 1992) , carbazole (Habe et al., 2002) , tetralin (Hernáez et al., 1999) , pentachlorophenol (Saber & Crawford, 1985) , 4-nonylphenol (Gabriel et al., 2005) , c-hexachlorocyclohexane (Imai et al., 1989) and herbicides (Adkins, 1999; Kohler, 1999) . In addition, Sphingomonas strains are often isolated from contaminated soils because of their ability to degrade polycyclic aromatic hydrocarbons (PAHs), which are ubiquitous environmental pollutants with toxic, mutagenic and carcinogenic properties (Bastiaens et al., 2000; Khan et al., 1996; Mueller et al., 1990; Pinyakong et al., 2000) . revealed that most of the genes necessary for degrading an aromatic compound are scattered in several clusters and not organized in coordinately regulated operons (recently reviewed by Pinyakong et al., 2003a) . This raises the question of how these complexly arranged genes are efficiently regulated and transcribed. The system regulating PAHdegradative genes in sphingomonads has not been investigated fully, probably owing to their complexity. However, it was recently reported that the LysR-type transcriptional regulators (LTTRs) ThnR, PcpR and LinR, which activate the expression of target degradative genes, were isolated from Sphingomonas strains that degraded tetralin, pentachlorophenol and c-hexachlorocyclohexane, respectively (Martínez-Pérez et al., 2004; Cai & Xun, 2002; Miyauchi et al., 2002) .
To investigate the diverse and complex aromatic-degradation systems of sphingomonads, including their regulatory mechanisms, it is necessary first to isolate the gene(s) responsible for each degradation step and then to examine the regulatory mechanisms related to their functions. For this purpose, we investigated acenaphthene degradation by Sphingomonas sp. strain A4 at the molecular level (Pinyakong et al., 2004) . Strain A4 was isolated based on its ability to utilize acenaphthene as a sole source of carbon and energy (Komatsu et al., 1993) . Acenaphthene, a PAH that possesses a single alicyclic five-membered ring sharing three carbon atoms with two aromatic rings, is an abundant constituent of coal tar and creosote (Wise et al., 1988) . Commercial creosotes contain 0?95-6?1 % (w/w) acenaphthene (Kohler et al., 2000) . Nevertheless, the biodegradation of the compound has been poorly studied, especially in terms of bacterial catabolic genes. To our knowledge, there are only a few acenaphthene-utilizing bacterial strains, almost all of which are Sphingomonas spp. isolated by our group (Komatsu et al., 1993) or by Shi et al. (2001) , except for Alcaligenes spp. reported by Selifonov et al. (1993) . Previously, we demonstrated that the degradation of acenaphthene by strain A4 proceeds via 1-acenaphthenol and 1-acenaphthenone (Komatsu et al., 1993) . Recently, we isolated the terminal oxygenase genes, arhA1 and arhA2, required for the initial oxygenation of acenaphthene into 1-acenaphthenol, using the shotgun cloning method (Pinyakong et al., 2004) . That was the first report to identify the genes responsible for PAH oxygenation in sphingomonads, along with a report on phnA genes published almost simultaneously by Demanèche et al. (2004) . We also demonstrated that several PAHs other than acenaphthene, i.e. acenaphthylene, naphthalene, phenanthrene, anthracene and fluoranthene, could be dioxygenated to their corresponding cis-dihydrodiol products in resting Escherichia coli cells coexpressing arhA1A2 with the genes encoding ferredoxin (ahdA3) and ferredoxin reductase (ahdA4) derived from another sphingomonad (Pinyakong et al., 2004) . However, the genes for the intrinsic electrontransport protein for ArhA1A2, the genes for the degradation pathway of their metabolic products, and their regulatory genes, have not been isolated.
In this study, we performed transposon mutagenesis on strain A4 to isolate the genes, other than arhA1A2, responsible for acenaphthene degradation. We also investigated the regulatory mechanism of a newly isolated gene cluster, which includes the arhA genes, as the first step for elucidating the entire acenaphthene degradation system in strain A4.
METHODS
Chemicals. The chemicals used in this study were of the highest purity available commercially (Kanto Chemical; Wako Pure Chemical; Tokyo Kasei Kogyo; Nacalai Tesque; Sigma-Aldrich).
Bacterial strains, plasmids and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Sphingomonas sp. strain A4 was cultivated at 30 uC in Luria-Bertani (LB) medium (Sambrook et al., 1989) or carbon-free mineral medium (CFMM) as described previously (Pinyakong et al., 2004) supplemented with 0?1 % (w/v) acenaphthene, 0?1 % (w/v) acenaphthylene, 0?1 % (w/v) 1,8-naphthalic anhydride (1,8-NA), or 0?1 % or 0?2 % (w/v) fructose. Acenaphthene, acenaphthylene and 1,8-NA solutions were prepared by dissolving the appropriate compounds in DMSO (acenaphthene and acenaphthylene, 100 mg ml 21 ; 1,8-NA, 25 mg ml 21 ). The E. coli strains were grown at 37 uC in LB medium. When necessary, ampicillin (Ap), chloramphenicol (Cm), kanamycin (Km) and tetracycline (Tc) were used at 100, 34, 50 and 10 mg ml 21 , respectively. Gentamicin (Gm) was used at 10 mg ml 21 for E. coli strains and at 30 mg ml 21 for mutants of strain A4. IPTG was used at a final concentration of 100 mM.
DNA manipulations. Plasmid isolation, restriction endonuclease digestion, cloning, the transformation of E. coli and Southern hybridization were carried out using standard protocols (Sambrook et al., 1989) . For Southern hybridization, DNA fragments within arhR and ORF16 were amplified using PCR. The PCR products were labelled using a DIG DNA labelling kit (Roche Diagnostics) and used as probes. The primers used in this study are listed in Table 2 .
Transposon mutagenesis. Transposon mutagenesis was carried out using filter-mating between strain A4 and E. coli S17-1lpir harbouring suicide plasmid pBSL202 (Alexeyev et al., 1995) . Both strains were grown on LB medium until the stationary phase and then suspended in 10 mM MgSO 4 after being washed twice with the same solution. Equal numbers of cells from these suspensions were mixed and incubated on a filter membrane (0?45 mm pore size) on an LB agar plate at 30 uC for 6 h. The cells were resuspended in 10 mM MgSO 4 and then spread on CFMM plates supplemented with 0?2 % (w/v) fructose and Gm. After incubation at 30 uC for 5 days, 3 % (w/v) acenaphthene solution dissolved in acetone was sprayed on the cells that had grown on the selective medium, and the cells were incubated overnight at 30 uC. The mutants that failed to produce a clear zone in the acenaphthene layer were isolated. For the indigo formation assay, the mutants were pre-incubated on an LB plate containing Gm at 30 uC for 4 days, and then a small amount of indole was put on the inside of the lid of the plate. After further incubation at 30 uC for 24 h, we observed whether the colour of the cells had changed to indigo blue.
The DNA regions flanking the mini-Tn5 insertion sites in mutants of strain A4 were cloned by digesting total DNA from the mutants with EcoRI, ligating them to EcoRI-digested pUC19, and transforming E. coli DH5a. The clone libraries were selected on LB agar plates containing both Ap and Gm. Positive clones were subjected to nucleotide Nucleotide sequence analysis and annotation. Previously, we obtained cosmid pSC288 containing arhA1A2 and its flanking region in a 40 kb insert from a genomic library of strain A4 (Pinyakong, 2003) . In this study, the 16?4 kb KpnI fragment of pSC288 containing the arhA1A2 genes was subcloned into pUC19Km r to yield pUK17 (Table 1) , and the nucleotide sequence of this fragment was determined by the Dragon Genomics Center of Takara Bio. To construct pUC19Km r , the Km r cassette from pTKm (Yoshida et al., 2003) was excised by EcoRV digestion, and was ligated to the ScaI site of pUC19. The nucleotide sequences were DThe primers for rrn were designed from the sequence of the 16S rRNA gene in AB104886.
analysed using DNASIS-Mac software (version 3.7; Hitachi Software). We searched for homology using the BLAST programs available at the web site of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/blast/blast_references.shtml). The deduced amino acid sequences of the observed ORFs were aligned using ClustalW (Thompson et al., 1994) , available at the NPSA web site (http://npsa-pbil.ibcp.fr/NPSA/).
Gene disruption and complementation. To disrupt arhR and ORF15, we first constructed plasmids pKGR16 and pKG15, respectively (Table 1 , Fig. 1 ). The Gm r cassette used for gene disruption was prepared as described previously (Pinyakong et al., 2004) . To construct pKGR16, the Gm r cassette was ligated to the blunt-ended BamHI site of pBSCN2 (Table 1 , Fig. 1 ), as the arhR gene and the Gm r cassette are transcribed in the same direction. The 2?0 kb HindIII-SalI fragment of the resultant plasmid containing arhR : : Gm r was ligated to HindIII/SalI-digested pK19mobsacB to yield pKGR16. To construct pKG15, the 1?0 kb SphI fragment of pU351E1 (Table 1 , Fig. 1 ) containing part of ORF15 was ligated to SphI-digested pK19mobsacB, in which the SmaI site had been eliminated by SalI/EcoRI digestion, blunting and self-ligation. The resultant plasmid was digested with SmaI and ligated to the Gm r cassette, as ORF15 and the Gm r cassette are transcribed in the same direction, to yield pKG15. Plasmids pKGR16 and pKG15 were introduced into strain A4 by filter-mating, and then the double-crossover recombinants were screened using a method described previously (Pinyakong et al., 2004) . The resultant arhR and ORF15 disruptants were designated strains A4DR and A4D15, respectively. The insertion of the Gm r cassette into arhR and ORF15 was confirmed by Southern hybridization. To complement strain A4DR with arhR in trans, the 2?0 kb SmaI-HindIII fragment of pBSCN2 (Table 1 , Fig. 1 ) containing arhR was ligated into SmaI/HindIII-digested pBBad22T (Table 1) , as the arhR gene was located downstream from the arabinose-inducible P araBAD promoter. The resultant plasmid, pBBadR (Table 1, Fig. 1 ), was introduced into strain A4DR by filtermating to generate strain A4DRC.
Expression of the arhA genes in strain A4-PCM1 and assay for indigo formation activity. To express the arhA genes, arhA1A2, arhA1A2A3 and arhA1A2A3A4 were ligated downstream from the P araBAD promoter in pBBad22T (Table 1) to yield pBBadA12, pBBadA13 and pBBadA14, respectively (Table 1, Fig. 1) . To obtain pBBadA12, the 2?9 kb NcoI fragment of pU288E1 (Table 1, Fig. 1 ) containing arhA1A2 was ligated into NcoI-digested pBBad22T. To obtain pBBadA13, the 0?7 kb SmaI-NheI fragment of pBSCN2 (Table 1, Fig. 1 ) containing arhA3 was ligated into SmaI/ XbaI-digested pBBadA12. To obtain pBBadA14, the 1?5 kb SalI fragment of pBSCN1 (Table 1, Fig. 1 ) containing arhA4 was ligated into SalI-digested pBBadA13. Plasmids pBBadA12, pBBadA13, pBBadA14 and pBBad22T were introduced into strain A4-PCM1 (Pinyakong et al., 2004) , which is a spontaneous mutant defective in the ability to utilize acenaphthene. The strains harbouring the different plasmids were pre-incubated at 30 uC for 4 days on an LB agar plate containing Tc and 0?2 % arabinose. After a small amount of indole was added on the lid of the plate, the cells were incubated at 30 uC for 5 more days and then checked for the ability to produce indigo.
Construction of E. coli clones expressing the arhA genes and an assay for acenaphthene oxygenase activity. For the purpose of expression of the arhA3 or arhA3A4 genes in E. coli, the 0?7 or 2?3 kb KpnI-HindIII fragment containing the respective genes from pBBadA13 or pBBadA14 was cloned into the corresponding site of pSTV28, resulting in pSArhA3 or pSArhA3A4 (Table 1 ). E. coli JM109 was then cotransformed with plasmids pSArhA3 or pSArhA3A4 and pUArhA1A2 (Pinyakong et al., 2004 ; Table 1 ) containing arhA1A2. The resultant E. coli clones were grown at 37 uC in 100 ml LB medium containing Ap and Cm to an OD 600 of 0?7-0?8. IPTG was added at a final concentration of 100 mM followed by further cultivation at 30 uC for 4 h. The cells obtained were then washed twice with CFMM and resuspended in the same medium to yield a cell suspension of OD 600 9?8. A 5 ml sample of each cell suspension was placed in the reaction tube and supplemented with 0?01 % (w/v) acenaphthene. After incubation at Line segments under the physical map show inserts in the plasmids used in this study. To obtain pBBadA13, the 0?7 kb SmaI-NheI fragment containing arhA3 was cloned into pBBadA12. For pBBadA14, the 1?5 kb SalI fragment containing arhA4 was cloned into pBBadA13. The locations of the Gm r cassettes in plasmids pKGR16 and pKG15 are indicated. The bidirectional arrows indicate the locations of the DNA fragments amplified by RT-PCR with total RNA from acenaphthene-grown strain A4 cells and the primer sets shown in Table 2 . 30 uC for 2 or 16 h, 0?01 % (w/v) fluoranthene, which served as an internal standard, was added to the reaction tube and the reaction mixture was extracted with an equal volume of ethyl acetate. The extracts were dried over anhydrous Na 2 SO 4 and the solvent was removed under reduced pressure. The metabolite was derivatized with N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) at 70 uC for 20 min, and analysed by GC-MS as described previously (Pinyakong et al., 2004) . Control experiments using E. coli JM109 carrying pUArhA1A2 and pSTV28 (Table 1) , or pUC18 (Table 1) and pSTV28, were performed in parallel. To detect acenaphthenecis-1,2-diol, the metabolite was derivatized with methaneboronic acid dissolved in dehydrated pyridine (2 mg ml 21 ) at 70uC for 30 min.
RNA preparation. Total RNA from strain A4 and its derivatives was extracted using a NucleoSpin RNA II (Macherey-Nagel), according to the manufacturer's instructions. The culture conditions used for total RNA extraction from the cells were as follows. For RT-PCR and primer extension, strain A4 was inoculated into CFMM supplemented with 0?1 % (w/v) acenaphthene, and the cells were harvested at approximately exponential phase. For quantitative RT-PCR, strains A4, A4DR and A4DRC were cultured on CFMM supplemented with 0?1 % (w/v) fructose to an OD 600 of 0?5 and were then supplemented with 2 % (w/v) acenaphthene solution dissolved in DMSO at a final concentration of 0?02 % (w/v) or the same volume of DMSO. After further cultivation for 2 h, the cells were harvested. The RNA was treated with RQ1 RNase-free DNase (Promega) before being used in further experiments.
RT-PCR. RT-PCR was performed with a One
Step RNA PCR kit (AMV) (Takara). The DNA regions between arhA3 and ORF6 ( Fig. 1) were amplified using the primer sets shown in Table 2 . The reaction mixture (25 ml) contained 2?5 ml 10-fold One Step RNA PCR buffer, 5 mM MgCl 2 , 1 mM dNTP, 20 U RNase inhibitor, 2?5 U AMX reverse transcriptase XL, 2?5 U AMV-optimized Taq, 0?4 mM each primer, and 0?1 mg total RNA, prepared as described above. After the RT reaction at 50 uC for 30 min, PCR was performed using the following conditions: 94 uC for 2 min, and 30 cycles of 94 uC for 30 s, 65 uC for 30 s and 72 uC for 2?5 min. Negative control reactions were performed similarly, except the reverse transcriptase was omitted from the reaction mixture.
Quantitative RT-PCR. First-strand cDNA was synthesized in four separate RT reactions using the reverse primers for arhA1, arhA3, arhR and the 16S rRNA gene (rrn) (arhA1qR, arhA3qR, arhRqR and 16SqR, respectively; Table 2 ). The RT reaction was performed using SuperScript III reverse transcriptase (Invitrogen). The RT reaction mixture (20 ml) contained 0?3 mg total RNA from each cell culture, 0?1 mM each primer (Table 2), 4 ml fivefold First Strand buffer, 1 ml 0?1 M DTT, 1 ml RNaseOUT recombinant RNase inhibitor and 200 U SuperScript III reverse transcriptase. The reaction mixture was heated to 65 uC for 5 min and then chilled on ice. The RT enzymes were added, and the reaction mixture was incubated at 50 uC for 1 h. The reaction was terminated by incubation at 70 uC for 15 min. The cDNA solution was diluted 10-fold in deionized water before PCR amplification.
Real-time PCR was carried out with the ABI PRISM 7700 Sequence Detection System (Applied Biosystems) according to the manufacturer's instructions. The PCR mixture (22 ml) contained 2 ml of the cDNA solution, 0?4 mM each primer set (Table 2 ) and 11 ml SYBR Green PCR Master Mix (Applied Biosystems). Real-time PCR was performed using the following conditions: 50 uC for 2 min, 94 uC for 10 min, and 40 cycles of 94 uC for 5 s, 65 uC for 5 s and 72 uC for 30 s. For the standard curves, the DNA fragments of arhA1, arhA3, arhR and rrn were amplified by PCR with total DNA from strain A4 and the primer sets for the respective genes (Table 2) , and dilution series were subjected to real-time PCR analyses as templates. The specificity of the real-time PCR was verified from the dissociation curve analysis and agarose gel electrophoresis of the PCR products. Negative control reactions were performed similarly, except the reverse transcriptase was omitted from the RT reaction mixture. The mRNA levels of the target genes (arhA1, arhA3 and arhR) were normalized to that of the reference gene (rrn) to correct for sample-to-sample variation in the amount of total RNA.
Primer extension analysis. The total RNA from strain A4 cells grown on acenaphthene was subjected to an RT reaction with SuperScript III reverse transcriptase (Invitrogen) and an IRD800-labelled primer (Aloka), arhA3-PE1 (Table 2 ), using the method described above. The primer extension products were purified using phenol/chloroform extraction and ethanol precipitation. The products were subjected to electrophoresis together with a sequence reaction using the same primer and a Li-Cor model 4200I-2 Auto-DNA sequencer running Base ImaglR data collection software 4.0 (LI-COR), according to the manufacturer's instructions.
RESULTS

Isolation and characterization of the mini-Tn5-inserted mutants
To identify the genes involved in acenaphthene degradation, we carried out Tn5 mutagenesis on strain A4. Of approximately 10 000 strains with mini-Tn5 inserts, four mutants (strains AG2-45, AG2-48, AG3-15 and AG3-69) that no longer produced a clear zone with acenaphthene were obtained. These four mutants also showed deficient growth on acenaphthene in liquid culture (data not shown). Strains AG2-45, AG2-48 and AG3-15 maintained the ability to grow on 1,8-NA, which is a metabolic intermediate of acenaphthene (Selifonov et al., 1996) , whereas strain AG3-69 had also lost the ability to grown on 1,8-NA. As strain A4 possesses the ability to produce indigo from indole, which involves the ring-hydroxylating oxygenase ArhA1A2 (Pinyakong et al., 2004) , we examined the ability of these four mutants to produce indigo in order to estimate their ring-hydroxylating oxygenase activities. Strains AG2-45, AG2-48 and AG3-15 had also lost the ability to produce indigo (data not shown). These observations suggested that the genes involved in the initial oxygenation of acenaphthene did not function in strains AG2-45, AG2-48 and AG3-15.
To determine the location of the mini-Tn5 insertion in these four mutants, the region flanking the mini-Tn5 was cloned and partially sequenced. In strain AG2-45, the mini-Tn5 was inserted into the DNA region homologous (40 % amino acid identity) to part of the gene encoding an LTTR, DntR, from Burkholderia sp. strain DNT (a 2,4-dinitrotoluene degrader) (Lessner et al., 2003) . In strains AG2-48 and AG3-15, the mini-Tn5 was inserted into ORF1 and arhA1, respectively, both of which we have sequenced previously (Pinyakong et al., 2004) . In strain AG3-69, the mini-Tn5 was inserted into the DNA region homologous (59 % amino acid identity) to part of the gene encoding a ferredoxin reductase, RedA2, from Sphingomonas wittichii strain RW1 (a dibenzo-pdioxin degrader) 
(data not shown).
Nucleotide sequence analysis and annotation of the 16?4 kb DNA region Previously, we partially sequenced the 40 kb insert in cosmid pSC288 (Pinyakong, 2003) , which contains a 5?0 kb EcoRI fragment carrying arhA1A2 and its flanking region. Consistent with part of the preliminary sequence of pSC288, the DNA region flanking the mini-Tn5 in AG2-45 appeared to be located in the same locus as the 5?0 kb EcoRI fragment, within approximately 16 kb (Fig. 1) . To determine the complete nucleotide sequence of this locus, the corresponding 16?4 kb KpnI fragment of pSC288 was subcloned and sequenced, revealing 16 ORFs and a partial ORF at this locus (Fig. 1, Table 3 ).
The complete deduced amino acid sequence of ORF7 (designated arhR), into which the mini-Tn5 was inserted in strain AG2-45, also shared the highest identity with an LTTR (DntR) from Burkholderia sp. strain DNT (Lessner et al., 2003) (Table 3 ). The double-crossover disruptant of arhR (strain A4DR, Table 1 ) showed deficient growth on acenaphthene, and this deficiency was complemented in strain A4DR transformed with plasmid pBBadR (Table 1 , Fig. 1 ) expressing the arhR gene (strain A4DRC, Table 1 ). These observations revealed that ArhR is clearly involved in acenaphthene metabolism in strain A4.
The deduced amino acid sequences of ORF10 and ORF12 shared the highest homology (50 % and 46 % amino acid identity) with a ferredoxin and a ferredoxin reductase (ThnA3 and ThnA4), respectively, from Sphingopyxis macrogoltabida strain TFA (a tetralin degrader) (MorenoRuiz et al., 2003) . We postulated that ORF10 and ORF12 encoded an intrinsic ferredoxin and ferredoxin reductase for ArhA1A2 and tentatively designated them arhA3 and arhA4, respectively.
The deduced amino acid sequence of ORF11 shared the highest identity with a putative 1-hydroxy-2-naphthoaldehyde dehydrogenase (PhnF) from Alcaligenes faecalis strain AFK2 (aphenanthrene degrader) (Kiyohara et al., 1982) . However, the product of ORF11 was approximately 280 aa shorter than other aldehyde dehydrogenases, including PhnF, and lacked both the substrate-and NADH-binding domains (Gruez et al., 2004) , which are considered necessary for its enzymic activity. Therefore, ORF11 seems to be a pseudogene generated by deletion of the corresponding DNA region.
The ORF13 product showed homology with the large subunit of the terminal oxygenase component of salicylate 1-hydroxylase (AhdA1d) from Sphingobium sp. P2 (Pinyakong et al., 2003b) . However, ORF13 also seems to be a pseudogene because its products lacked part of the Rieske [2Fe-2S] cluster domain which is required for oxygenase activity (Ferraro et al., 2005) .
The ORF15 product displayed high homology with known 2,3-dihydroxybiphenyl 1,2-dioxygenases. However, the double-crossover disruptant of ORF15 (strain A4D15) did not lose its ability to grow on acenaphthene, revealing that ORF15 is not essential for acenaphthene utilization.
The ORF6 product showed the highest homology with ferredoxin reductase (NahAa) from Pseudomonas putida NCIB 9816-4 (a naphthalene degrader) (Dennis & Zylstra, 2004) , but this homology was extremely low (18?1 % amino acid identity). Especially, the C-terminal amino acid sequence of ORF6 showed no significant homology with that of NahAa, which contains the NAD-binding domain. In a BLAST analysis of the C-terminal region of ORF6, where the NAD-binding domain should be, we failed to detect any significant homologous proteins or peptides. It is still unclear whether the ORF6 product acts as a ferredoxin reductase. This ORF may have a function quite different from that of a ferredoxin reductase gene.
Assay of ArhA oxygenase activity
To examine whether the tentatively designated ArhA3 (ORF10) and ArhA4 (ORF12) really act as ferredoxin and ferredoxin reductase for ArhA1A2, respectively, we constructed three plasmids, pBBadA12, pBBadA13 and pBBadA14 (Table 1, Fig. 1 ), which coexpressed the arhA1A2, arhA1A2A3 and arhA1A2A3A4 genes, respectively, from the arabinose-inducible P araBAD promoter. Plasmids pBBadA12 and pBBad22T (Table 1) were used as negative controls. These four plasmids were introduced into strain A4-PCM1, which is a spontaneous mutant defective in the ability to utilize acenaphthene (Pinyakong et al., 2004) . In strain A4-PCM1, the loss of the DNA region from arhR to arhA1 (Fig. 1) was confirmed by Southern hybridization (data not shown). After pre-incubation on an LB agar plate containing Tc and 0?2 % arabinose, the ability of strain A4-PCM1 cells harbouring these four plasmids to produce indigo from indole was investigated by adding indole on the lid of the plate. After further incubation for 5 days, slight indigo formation was observed for strain A4-PCM1(pBBadA13), compared with the negative controls (data not shown). By contrast, significant indigo formation was observed only for strain A4-PCM1(pBBadA14) (data not shown). These observations showed that ArhA3 and ArhA4 function as the electron-transport system for ArhA1A2. To investigate acenaphthene oxygenase activity in the cells with or without ArhA3 and ArhA4 more quantitatively, we constructed E. coli strains harbouring plasmids pUArhA1A2 (Pinyakong et al., 2004) and pSArhA3 or pSArhA3A4 (Table 1 ). E. coli strains harbouring pUC18 and pSTV28 or pUArhA1A2 and pSTV28 were used in control experiments. After resting-cell reactions with these E. coli strains and acenaphthene as a substrate, the metabolites were derivatized with MSTFA and subjected to GC-MS analysis. Two major products, 1-acenaphthenol and acenaphthene-1,2-diol, were detected and their relative quantities were determined (Table 4 ). The amounts of 1-acenaphthenol and acenaphthene-1,2-diol after 16 h of incubation were increased 2?5-fold and 10-fold, respectively, in the cells expressing arhA1A2A3 as compared with the cells expressing only arhA1A2, and further increased in the cells expressing arhA1A2A3A4. These results clearly showed that ArhA3 and ArhA4 were necessary for maximal acenaphthene oxygenase activity.
Analysis of the operon structure of the arh genes and their flanking region by RT-PCR
To investigate how the DNA region between arhA3 and ORF6 is transcribed, RT-PCR was performed with total RNA from acenaphthene-grown strain A4 cells and the primer set designed to amplify this region (Table 2 , Fig. 1 ). DNA fragments of the expected size were amplified with all the primer sets used. No amplification was observed when the reverse transcriptase was omitted from the reaction mixture (date not shown). These results suggested that the DNA region from arhA3 to ORF6 is transcribed within the same transcription unit, although some promoters might be included within this region.
Involvement of ArhR in arh gene expression
To investigate how the disruption of arhR affects the expression of the arh genes, quantitative RT-PCR analyses of the arhR, arhA3 and arhA1 genes were performed. The differences in their mRNA levels in strains A4, A4DR (the arhR disruptant) and A4DRC (A4DR carrying arhR in trans) were compared under two conditions, i.e. with and without induction by acenaphthene (Fig. 2) . In the wild-type cells, acenaphthene induced transcription of arhA3 and arhA1 (Fig. 2a, b) . By contrast, in strain A4DR cells, the mRNA levels of arhA3 and arhA1 were much lower than those of the wild-type cells, even when the cells were not induced by acenaphthene. In strain A4DRC, the mRNA levels of arhA3 and arhA1 were restored to almost the same as those in the wild-type cells. These results strongly suggest that ArhR acts as an activator for the transcription of arhA genes and that transcription was induced more in the presence of acenaphthene (or its metabolites). By contrast, the transcription of arhR was not induced by acenaphthene under the experimental conditions, and it was not affected by the disruption of arhR (Fig. 2c) . Therefore, the arhR gene appears to be regulated in a different manner from the arhA genes, perhaps constitutively.
Determining the transcription start point of the arhA3 gene
Based on the RT-PCR and quantitative RT-PCR (Fig. 2) results, we predicted the existence of at least one acenaphthene-inducible promoter, which is activated by ArhR, in the region upstream from the arhA3 gene. Therefore, we performed a primer extension analysis to determine the transcription start point of the arhA3 gene. One transcription start point was found 44 bp upstream from the translation start point of arhA3 (Fig. 3a, b) . The possible promoter sequence was assigned to TTGACG (235 region) and TATCCG (210 region) (Fig. 3b ). This promoter sequence is similar to the consensus sequence of the E. coli s 70 -dependent promoter (Record et al., 1996) . Upstream from this promoter, between bases 256 and 270, there is a consensus sequence for LTTR binding (ATCACTGTCC-GTGAT), which is a palindromic T-N 11 -A motif (beginning and end underlined) (Schell, 1993) (Fig. 3b) . This suggests that ArhR binds to this motif and regulates transcription from this promoter region. We did not find any other sequence similar to this motif in the sequenced 16?4 kb DNA region.
DISCUSSION
In this study, we isolated four mutants, each with a miniTn5 insert (strains AG2-45, AG2-48, AG3-15 and AG3-69) and defective in the ability to utilize acenaphthene. The mini-Tn5 was inserted within about 16 kb of the same locus in three of the four mutants . The nucleotide sequence analysis of the corresponding 16?4 kb KpnI fragment revealed the existence of 16 ORFs and a partial ORF, most of which showed homology to known aromatic-degradative genes or transposase genes *Calculated from the GC-MS ion peak areas of the MSTFA derivatives of the product formed after 2 h or 16 h of incubation and expressed as percentages of the peak area of 1-acenaphthenol formed by JM109(pUArhA1A2)(pSArhA3A4) after 16 h of incubation. The values are means±SD calculated from triplicate assays. ND, Not detected. DThe MSTFA derivative of this product had a GC retention time of 9?6 min and showed mass spectral peaks at m/z 330 (relative abundance 38 %), 315 (23 %), 241 (29 %), 168 (25 %), 147 (100 %). These fragment components were matched with those of the derivatives of acenaphthene-cis-1,2-diol or acenaphthene-trans-1,2-diol reported by Brooks et al. (1982) , although their relative abundances were different. We identified acenaphthene-cis-1,2-diol as its methaneboronate by comparing its mass spectral peaks with those reported by Brooks et al. (1982) .
( Table 3 ). The gene organization in this locus was interesting: the ORFs located in the region from arhA3 to ORF6, all of which are oriented in the same transcription direction (Fig. 1) , include a gene not essential for acenaphthene degradation (ORF15) and ORFs apparently not involved in aromatic degradation, such as two putative pseudogenes (ORF11 and ORF13) and a putative transposase gene or its remnant (ORF16). RT-PCR analysis revealed that the entire region between arhA3 and ORF6 is actually transcribed in the same direction when strain A4 is grown on acenaphthene (Fig. 1) , suggesting that the region from arhA3 to ORF6 forms an operon. This loose operon structure, including the long regions unnecessary for acenaphthene degradation, seems inefficient in terms of the energy required for transcription, in contrast to the wellstudied operons for the aromatic degradation of pseudomonads (e.g. the nah and sal operons for naphthalene degradation; Dennis & Zylstra, 2004) . Apparently, such loose genetic structures have been found in many PAHdegrading sphingomonads (Pinyakong et al., 2003a) . However, their actual transcriptional units have not been extensively investigated. Therefore, further study is necessary to prove that such an operon structure is typical for other PAH-degrading sphingomonads.
In this study, ArhR, which is an LTTR that activates the gene cluster from arhA3, was also isolated. LTTRs are one of the most common transcriptional regulators in prokaryotes. To The arrow indicates the primer extension product generated with primer arhA3-PE1 (Table 2) annealed to a specific site inside the arhA3 gene. Lanes G, A, T and C correspond to the sequence ladder generated with the same primer, and the sequence pattern is shown on the right. date, numerous LTTRs have been reported, and their transcriptional regulation mechanisms have been investigated in detail (Schell, 1993; Tropel & van der Meer, 2004) . Usually, LTTRs act as transcriptional activators and increase transcription from target promoters between 6-and 200-fold, only in the presence of an inducer (Schell, 1993) . We demonstrated that ArhR also activates transcription of the arhA genes in the presence of acenaphthene (or its metabolites) (Fig. 2a, b) . Nevertheless, the mRNA levels of arhA3 and arhA1 in strain A4 increased only 2?4-and 6?2-fold, respectively, in the presence of acenaphthene. Moreover, in strain A4DR (the arhR disruptant), the mRNA levels of arhA3 and arhA1 were much lower (less than 10 %) than those in strain A4 in the absence of acenaphthene. These facts suggest that ArhR increases some transcription of its target genes even in the absence of an inducer. Although this is unusual for LTTRs, a similar tendency has been observed for the activation of clcABD (3-chlorocatechol degradative operon) by CatR, which is the LTTR that activates both catBCA (catechol degradative operon) and clcABD (McFall et al., 1998) . In that study, an in vitro transcription assay was used to demonstrate that CatR could activate the clcABD promoter in a concentration-dependent manner in the absence of an inducer and that the activation was increased two-to threefold in the presence of inducer (McFall et al., 1998 (McFall et al., , 1997 . This was thought to be due to the binding of CatR to the clcABD promoter in its active conformation in the absence of an inducer (McFall et al., 1998) . In strain A4, ArhR is thought to activate its target promoter in a manner similar to that of CatR activation of the clc promoter. The difference in the fold-increase of the mRNA level in the presence of acenaphthene between arhA3 (2?4-fold) and arhA1 (6?2-fold) remains to be explained, but it is possible that another, more inducible promoter(s) exists between these genes. Also, there may be a difference in stability between the mRNA fragments transcribed from arhA3 and arhA1.
In general, the genes for LTTRs are located just upstream from their target metabolic operons and are transcribed in the opposite direction; LTTRs repress their own expression, probably because the binding sites responsible for activating the target operon overlap the promoter of the genes for LTTRs (Schell, 1993) . In strain A4, arhR is located upstream from arhA3 in the gene cluster; however, the intergenic region between arhR and arhA3 is about 1 kb in length and includes putative transposase genes or their remnants (ORF8 and ORF9). Therefore, autorepression as with typical LTTRs does not seem likely to occur with the expression of arhR. In fact, the transcription of arhR was not affected by the disruption of arhR under the conditions examined in this study (Fig. 2c) . Therefore, the existence of ORF8 and ORF9 may affect the expression of the arhR gene.
For acenaphthene degradation in strain A4, ArhR first activates the expression of the arhA genes, and then the ArhA oxygenase converts acenaphthene into 1-acenaphthenol and acenaphthene-1,2-diol by two sequential monooxygenations.
In our previous work, it was shown that 1-acenaphthenol can be dehydrogenated into 1-acenaphthenone (Komatsu et al., 1993; Pinyakong et al., 2004) . Although the degradation pathway downstream of 1-acenaphthenone and acenaphthene-1,2-diol was not clearly identified in strain A4, Selifonov et al. (1996) reported that 1,2-acenaphthoquinone was produced by two sequential monooxygenations and subsequent nonspecific dehydrogenations in resting cells of Pseudomonas aeruginosa strain PAO1 that expressed naphthalene dioxygenase genes (nahA). Furthermore, they reported that 1,2-acenaphthoquinone was oxidized spontaneously to 1,8-naphthalenedicarboxylic acid (1,8-NDCA), which was identified as its anhydride (1, . This degradation pathway may also be present in strain A4, because one mini-Tn5-inserted mutant, strain AG3-69, lost the ability to utilize 1,8-NA in addition to acenaphthene, suggesting that acenaphthene is degraded via 1,8-NDCA (or 1,8-NA) in strain A4. There have been no reports on the degradation pathway of 1,8-NDCA, although strain AG3-69 should provide an important clue for clarifying this. In strain AG3-69, the mini-Tn5 was inserted in the DNA region homologous to the redA2 gene, which encodes the ferredoxin reductase component of the dioxin dioxygenase in Sphingomonas wittichii strain RW1 . Therefore, this redA2 homologue is likely involved in the oxygenation of 1,8-NDCA or its metabolites in combination with other oxygenase components, which have not been identified. We performed a preliminary nucleotide sequence analysis of the flanking region of this redA2 homologue, but no other genes homologous to known aromatic degradative genes were found (data not shown). This suggests that the genes responsible for the further degradation of acenaphthene metabolites are also dispersed throughout the strain A4 genome, as are the dioxin dioxygenase genes of strain RW1 . Apparently, ArhR is not involved in regulating these genes, because the arhR disruptant (strain A4DR) did not lose the ability to utilize 1,8-NA (data not shown). Although some difficulty will arise because of the scattered gene organization that is common among sphingomonads, further isolation of the degradative genes and investigation of their regulatory mechanisms are needed to clarify the entire acenaphthene degradation system in strain A4.
